D
NA is tightly packaged inside the nucleus into chromatin, an intricate assembly of nucleic acid, histones, and accessory proteins. Under normal circumstances, the higher-order structure of chromatin is a formidable obstacle for almost all biochemical processes that involve DNA. To enable transcription, replication, and repair, all eukaryotic cells possess a whole array of sophisticated molecular machines with the sole purpose of modifying chromatin structure to allow unhindered access to DNA. Next to ATP-powered units that literally push nucleosomes out of the way, there are many enzymes that catalyze the covalent modification of histones. The various methylations, acetylations, phosphorylations, and ubiquitinations either directly change the packaging properties of the histone octamer or mark these proteins for recognition by other proteins that help to read out this so-called ''histone code'' (1) . A flurry of recent publications describes an evergrowing list of histone modifications, the associated enzymes, and the respective correlation with an ''activated'' or ''repressed'' chromatin state. Still, important questions remain. For example, it is well established that histones in actively transcribed regions are acetylated and have a certain methylation pattern. However, we have no clue how modification activities are specifically recruited to coding regions that need to be transcribed. We comprehend neither what happens if a gene must be switched off nor how an enzyme ''knows'' where a gene starts and where it ends. In this issue of PNAS, Milne et al. (2) begin to address these questions in an elegant system involving the histone H3 lysine 4-specific methyltransferase mixedlineage leukemia (MLL).
The MLL gene has become notorious because of its frequent involvement in chromosomal translocations (11q23 translocations) that lead to the production of highly oncogenic fusion proteins in leukemias (3) . The unaltered MLL protein contains a C-terminal SET domain, the signature sequence of an active methyltransferase (4). After posttranslational cleavage, the resulting MLL N and MLL C parts become incorporated into a high-molecular-weight protein complex (Fig. 1 ) that also includes the histone H4-specific acetyltransferase MOF (5) . The MLL complex is necessary to ensure proper transcription of the clustered homeobox (Hox) genes during embryogenesis and hematopoiesis (6). Milne et al. (2) exploited the differential expression of MLL-regulated genes (Hoxa9, Hoxc8, and Meis1) in diverse cellular environments to answer the question whether the MLL complex is permanently bound to target chromatin or occupies these genes only transiently when transcription is necessary. The results clearly indicate that MLL recruitment absolutely depends on active transcription. Despite the fact that Hoxc8 is under the direct control of MLL and MLL-precipitated Hoxc8 chromatin in embryonic fibroblasts where the gene is transcribed, the same gene was not bound by MLL in myeloblasts where the locus is silent. A similar situation was encountered for Hoxa9 that is represented by three different mRNAs. Again, MLL associated with Hoxa9 only in myeloblasts that actively transcribe this gene. Down-regulation of Hoxa9 during differentiation to neutrophils was paralleled by a loss of MLL binding, although MLL still was present in the cells. If MLL therefore is controlled by recruitment, then this immediately raises the question of what attracts this protein to target loci. The intrinsic DNA-binding domains of MLL cannot be responsible, because they are not sequence-specific and interact with sequences rich in AT bases and with unmethylated CpG dinucleotides (7, 8) . More likely, sequence-specific transcription factors exist that enlist the MLL complex to aid in transcriptional activation. Alternatively, a promoter also could be ''prepared'' for MLL by particular histone modifications that can be ''read'' by the MLL complex. Support for both scenar- 
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Ϫ/Ϫ animals die in utero, RNApol II seemed to be stalled on MLL-controlled genes. In these cells, RNApol II phosphorylated on serine 2 within the CTD accumulated around the TATA box. A switch from serine 5 to serine 2 phosphorylation characterizes the transition from initiation to the elongation phase, and, concomitantly, serine 2 phosphorylated RNApol II should be found more evenly distributed along the coding region. Reintroduction of MLL into Mll Ϫ/Ϫ cells restored the normal spreading pattern of RNApol II and also reestablished histone H3 lysine 79 methylation, a mark that normally is introduced during elongation. Because elongation is a general process, the question arises whether MLL is necessary for all productive transcription inside a cell and therefore should be regarded as a general transcription factor, as suggested recently (14) . According to Milne et al. (2) , this seems highly unlikely, because several loci could be identified in Mll knockout cells that were clearly occupied and transcribed by RNApol II despite the absence of Mll. In contrast, genes known to be under the control of MLL also lost RNApol II binding if Mll was not available.
In summary, the results of Milne et al. (2) suggest that MLL regulates gene expression at the stage of elongation. In this regard, it joins a growing group of transcriptional regulators with importance in hematopoiesis like c-Myc and NF-B that also exert their influence on transcription, at least in part by modulating elongation (15, 16) . These molecules influence the activity of pTEF-b, the kinase responsible for phosphorylation of the RNApol II CTD. It will be interesting to see whether crosstalk between MLL and pTEF-b-dependent regulation of elongation exists. Finally, as always in science, several tough questions remain to be answered. First, sequence-specific transcription factors that recruit the MLL complex await discovery. This will probably be facilitated by a better knowledge of direct MLL target genes. Second, it needs to be resolved how histone modification, in particular the methylation mark, is erased once MLL has left a gene that needs to be switched off. The newly discovered demethylating enzymes might be a potential lead here. Third, it is completely unknown how histone methylation expedites transcriptional elongation. And, finally, it would be of utmost interest to work out how the aggressively oncogenic MLL fusion derivatives differ in their transactivation mechanism from MLL and whether one can interfere with this process to develop therapeutic tools.
Mixed-lineage leukemia regulates gene expression at the stage of elongation.
